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Adp~gthe point of view of the s~ruclural designer, avalalobe strut
tural criteria ore reviewed with respect to the demands for flew criteria
for a variety of odvanced flight vehicle types The basic needs of the
structural designer are delineated in relation to his specific function of
crystalliring the configuration arrangement and element cross-section
area details of the structural components. The nature of the criltrio
requited in design of several noew types of Right vehicles is outlined. It
is shown that a considerablf, amount of basic structurail criteria I's aq
plIcoble to almost all flight vehicles A new arrangement for structur al
reqluirement specAcotions is advocated
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The expkituang rate -of-expansion i' fightt. -ehicl er Fig. I Family of fligtit veh cies

formance is imposing tiguroui demands upon The structural
design criteria engineerf Ever since World War i1 ithe vats-
etv of aircraft being devekloed has req~ired whole new cat- ly covet VTOL. tK"Itgliade. satellite. space, and GDA ve-
irpprtes of structural design critrira. In IM4. when the Sell hiies.
X-l airplane was being designed to crock' the smc~t barrier. Pig. I sdow" flightTt~vhicle operating regimes. -milk solid
Olur prime concern was 'To %what structural cratetIa should lanes indicating vehicles for which adeMuate criteria me a-
a trans-sonic and tupersonic aircraft tit designed"' At about vailable. and daisheod litnes showing those which are inade-

the same time helicopter criteria was being ctyrtallized. quutely covered. Furtihermore in th efied of guided-missile
Fullorwig in rapid successios were the demndas& tot missile. design. the existing savetutal criteria specificatL so (4) is
VTO0L. ot glide, and satellite criteria. A new type VIC -Co. ideried by most stunctural enginees as being ather limt-
ti.elc, the ground effect machine, and space craft, alto are ited in usefulness as a deuagniers~ tool. Itecesat At? Foic
demanding establishment o'f new itructiiral criteria Since sponsiored studies it, the misuile -aldterta field by 0. L. An-
the aitimate tiser of structural criteria Ithe airframe de- derson (6) and in the thermal criteria field by Sukdley and
Sgnet. the cu'mplexitv of the problem cin bie reduced if we Srasser of bell Alircraft (6). point to con-siderable criftria

dittermnire the designer's general needs before formulating development yoritstiull so be Completed. laed on coilii.-
%pecific aniswers. iAnt studies at Slell Aircraft in the structoral criteria feid

Fundamentally, there ate two basic reason; fot creation' this paper presents a btnad approach to achieve an orderly
,f itructural Criteria tpecifacationsý (a) To provide a mu- formuulation of criteria to fill Ifiese growing needs.

tuallv satisfactory basis for itndentandirig of strengt to be
provried between the customer and the contractor. and (b) PRMET STIUCTURAL SPCICWATIOI4 COVUJIM
to prov ide the presumptions and conditions for use in deter-
rnmrnaiton of appropriate structural materials arid croasssec- tn order to satisfy the two basic needs which amO te tea-
t~onal areas. The fint reasonis evidenced cont nisally dii:- sons for tlheir existence. structural criteri- speficadosa
irg the life (,f a flighit-vehicle contract as the customer must cover seveal Fundameuntal r'Mietmmens areas. These
seeks to determine by review of analyses and teso if 16W are indicated in Fig. 1. to which It is ihown that thre linar-
completed vehicle will perform ais desifed. The seemid tea- dependent major areas of criteria are analytcial l.esump-
ion it evidenced in the contractor's organization by the am- tiot, design conditiosu aMd asUmptions and stroctural out
itant questioning by the structural designer- 'What are the precdets. As polanted out by the author in an earlier pape
ioad. for this member' What are the conditions which Sov- M' the ex tent of conservatisuta noe aream affects the need
ern deuigni of ibis area of die fuselage' Etc.. 9Mc* Gueft- for cormervatam to tie oethe two. 'hus, if structural ests
ally if the need of the designer awe clearly satisfied in the are extensime the" requied paper analyme cam 1- muti
formulated structural criteria. then ONe basis for understaind- aod. Or if desig presumpt ans ame ci- ývative scope of
zng between emustomer and coftiractor a to era67 also assud. itest can be reducied Nussethelets, in v, of for Ce desipe

In ONe neat future a neW 01. spic senoe carstaining sluc- to proceed with his woris scientifically. ý " "Mt,4gve "u-
ti~ara iiteris for aircraft is to be issued (I)., stipelfledua the eated fmr hem moformatift falling wihinthe hea blap Amenow
current Air Forc spec seies M1 and 1he Curteet Navy sped11t- under the de"P* block. Abe. lot ti . inunsnoIme to define
f~catioei (2). The new wesre will conain constsmdable nmw fully What segtho" levelb sews -ly 4eL 0. theta "M sl-
material patticelatly in tot aRea of fatipie a"i *emmal ea- tew" low be spelld amt deahi. Inth o g ,uWqfo it ao "t

~vonmeuss. tise~eless, owl afmttedly do nft adellwase- only betiehi for thedeape to hav 6Me pMM, AM Os-
fined bet $be b (wor O"ie m Ntor As We&t w am Nieall

"Moesisto I" p4 widiese desigate Ilefwnes at tie ii O9weepdy Oa id vit pemi assuea f mrnu ONel"sa.
enad of thw Fpae faftwos whue this is tUVA
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_T -eit analvtical ricrthod for fl:ghr-vehicle design (tec di,

Aý nw vh ' leare uv!c' VsC ran', of the cri zer a cr-

~* . rcTt5descr bed f: thtu forrgo :~g 0cn 'o l 'iCt) he appl cable
And aeeiabs !-r e *'i thc Ad~airced concept Gbianget.

ftfs O ID i o iiis sW 41s 0140as1-ed~js at at r' e&5 kte 'the cioditior

ni T, rrier .indcrr'rand the ,tjvr re *' reqiitre-
.441 sg mtevts 4,1, new ate A. se 'tfuct jraý designers h~as.c- reed-,

I.Arc :e% .eur aii anasvzed 7the ',, i'-.r~g sccfrr

to isaw L. __ #11t STRLICT URA I [)ESiG NER_*NIE

F a B44 te a 'a J- ea' j - ~ Ti Ic £ndanryt:a ',recep' the tit ic turs: des grer
P',, sd sicdeqtai terrregt± to assuire des~red safer, a- d per
'!I Arct. At IT' - .mwTI: e.eght And omrst Th-s >'trated

N roil",~u W1 at eff clre' ti A11Ct'..ra! C nf~g-

t~~ ta r z .rn -P1 muM MAte ais witri~r m munti cross

.e(t;oria, area! - at d;ctaledl b,, the basic precept depicted
1-. the f '.e topmost blocks Th~e "ticlutisa feltsi osk was

th.-%, "ecause. ., addin~or I( The obvi-us a3i,-vsitcAý rfforr'
I -efessati ito ach~ircs rf'iciertý desigrn. tests become A Ma: 't

MP40"M 4414! .9W ' s'nn that the has.c precept is followed,

__T 3 f'undatyieitra!i grt.'f~cance to the designer are the facts
P., N'!depcte b- th hotom ro .i iiiocki Fig. 3. Wh le Mir-

s"W'S 5W 5'US11101 t-vun %eighst is con-siderablo affected by, structural config-

r E e" I' ' g 'd it, .ct,.;tx. desisr irt~otr. and materiai selectionl, the final determininng factor
defining we~ghtirs cross-tectionai areas. Thuis, when con-
figuramior. .s f~xed, and material selected, the actual deter-
mination of .tructural weight does not occur until elemental

T'he current ipecificat.txis pre% inwN ienet 'wed provide tnrestes or strains are determined for one of the four strength
these requiremeots quire adequately for the veh~cles for criteria namely, ultimate strength. yield strength, endur-
whecb con dierable operational. experience now exists How. - arsce strength, or rigidity strength. Each of these strengths
ever. ow:ng to the manner T; which requirements are as- requires safety-factor specification. load and environment-
tembled. when a new category of flight vehicle evolves it condition specification. and nest and analysis presumptions.
become, necessary no create a completely new specification For each structural element in every part of the vehicle.
. - and accordingly. helicopters and missiles are each cov-- one condition in One of the four strength categories finally
ered separately from aircraft determines the required cross-sectional area. Very often

Whet- past experience in criteria formulation s reviewed, this particular condition is one which was not specifically
,sfound. Nowever, that considerable similarity exists in defined by the basic structural criteria. Thus, it invariably

some areas for a wide %arserv oif vehicles and operating and frequently becomes neceusary' for the designer for detail
regime%. It ;s found that for piloted vehicles there has bee n 'tress analyst) to improvise a specific "criterion" applicable
almost urivem'al acceptance of A 1. Sr ultimate factor Of so a particular structural section. However. the basis for
safety in one wa-. (ir ano~ther. Also, the "pilot -endurance- the condition thus formulated must generally be indicated
and -piloi-efforC- load conditions remain essentially intact by the conditions provided in the basic crsre'rsa. Further-
,year after year (that it. the pilot can push. kick, tu~rn, and more, the safety-factor and other generai presumptions must
crank controls with the same force today as he could 30 or be understood adequately so that the specific condition thus
40 years ago). Gust environments are basically unmodified, created i5 truly compatible with the over-all design philoso-
te it for a Piper Cub or for a B-59. Fundamental fatigue phy.
striengith concepts, and structural analysis and test concepts, Too) often the basic criteria and the resulting load and
are broadly s"&king similar for most flight vehicles. Ma- deflection analyses have become primarily an exercise for
terial allowable- data &:,d presumptions sire universally ap- the sophisticated load specialist. In far too many cases it
pl icable [arid ard wter load cornditions fit into relatively has become quite evident that the designer is expected some-

m rply definable categories having rather specific ranges ef how to provide structural configuration and element cross-
tever~tv depending -r.i several parameters which vary with sectional] areas so that the analyst can accurately proceed
vehicle type arid :ts service utilization. The limit-load with his analytical predictionsl In such cases it often is true
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"""SI~ has Cis* .Plft# Among the ad.-iced -eh'civ type-% which require form-

M11:I 1 to. u'CaAIS'i aui onf new structiural -ri teria, the vt. Ic les broadly clas -
of 'sSsse~P ted a' -hyper'onic aircraft- (such as bhe Fk1 X-2 and the

101s AIR 6! felt ' ordi American X-15 and B-O) have recei .c' the most
gal1 Will 6.465"t attention. As discussed by the au'~h,;r ir, re'!-e.ices (7) and

we atil :51 a$ (')"temperature- and "time- aie rnw nev. parameters re-

'at a cuaa ean*~ -quiriung definition for de-sign purposes. -anl ing in importance
s ~~w;th "load- and "safety -factor- considerat',ons. And, un-

like die situation which has existed with 'faE~g~le ' where
P. PSSAS'H 543 - ~ - - ~designs were oftt..;. completed without any analytical treat

Mbil$ S-(Coi lim CITIOS ment of fatigue, die structural designer cannot proceed with
hi' design work at all until some therrmal and time criteria

that die formal cr.Teria becomne so involvcd that in fact the aie stipulated. Many studies have been performed to pro-
actual design 'election was based on an unoifficial, uinder- vide analytical tools and criteria concepts for these ultra-
the-table, simplified criterion which the designer utilized high-speed aircraft, such as reference (6) and (9) sponsored
in calculating stresses and strains to come up with structural by the Air Force and perforrmed by Bell Aircraft. But in
cross -sect ional areas. Very often in these cases die final spite of all diat has been done, little crystallization into
.accurate, - load-and-stress analysis is not completed until suitable specification requirements has as yet been accom-

after the airplane has been flown for several months or even plished. Fig. 4 provides a brief summary of kinds of criteria
years[ which are required. Since die aforementioned references

The importance of providing usable, easily understood cover this criteria area quite completely. a more extensive
criteria cannot be overstated. In the author's experience it restatement of unresolved criteria problems for this type of
has been evident. more often dian not, that when structural aircraft need not be included in ibis paper.
design conditions cannot be conveyed quickly and under- Moving tc more advanced vehicle areas, some of the
standably to die designer for his use, die assumptions nec- criteria situations for boost-glide aircraft, manned satellite
essary to accomplish the more complex analysis seriously vehicles, and manned space craft will be described. Al-
jeopardize the reliability of results. In such cases acceptance though, this paper specifically avoids the broad and varied
of conservative, simplifying assumptions -- at least in the area of missile criteria, the flight situations of these three
initial design stress and/or deflection analysc' -- expedites categories of piloted vehicles will have much similarity with
reliable accomplishment of design and usually with very some varieties of guided missiles. The main similarity will
little (if any) penalty in weight. It is contended, therefore, be the need to use criteria which place dependence upon
that a primary objective of the basic structural criteria should preprogrammed automatic maneuvers. In the earlier air-
be to provide criteria which, with minimum preparatory anal- craft types (subsonic, supersonic, and even hypersonic) the
ysis. are readily understandable to (and usable by) the design- control inputs to be initiated at different times by the pilot
er. If this link is not provided, irretrievable weight penal- are the primary source of design conditions, with automatic
ties are believed to occur, and appreciably in excess of those controls providing a rather minor category of emergency or
introduced because of the less sophisticated analyses. secondary design conditions. In the more advanced vehicle
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types, exactly the reverse situation is already evident: that CONCLUSIONS
is, automatic controlled flight conditions provide the prim-
ary source of structural criteria, with emergency manually The most striking aspect of a review such as this of the
controlled conditions being considered secondary and often, entire realm of flight-vehicle configurations is not so much
by design in the interests of weight savings, made to be no the dissimilarities of the conditions encountered, but rather
more critical than the required automatic flight conditions, the similarity of basic approach which the aircraft structural
Also for these advanced vehicle types, there often will be criteria engineer is able to flexibly adopt. It is obviously
one or more pilotless boost stages which must be looked upon logical to apply the limit-condition criteria approach in
as a cross between a missile and a manned vehicle. There every case. It also is sensible to utilize similar analytical
will be "launch, " "boost, " "boost-separation, " and "re- and test presumptions, and obviously the same basic mater-
entry" phases. in many respects quite related to the flight ial-allowables data previously used are still completely ap-
phases considered in structural design of ICBM and IRBM ye- plicable -- with some new categories of physical character-
hicles. In addition, there must also be determined new cri- istics merely added. Primarily, there are new load condi-
teria for relatively strange glide-landing, and other novel ve- tions, and also new structural life provisions, to be created.
h~cle recovery schemes. Scattered throughout the flight plan The basic framework remains fundamentally unchanged.
there will be a variety of new condition situations resulting Accordingly, the author advocates viewing flight-ye-
from several types of radiation exposure, meteoric-dust on- hicle structural criteria from a much broader standpoint than
slaughts, and potentially severe thermal-exposure variations, heretofore. Many of the structural criteria requirements con-

Falling 'ack to more down-to-earth type vehicles, there tained in our aircraft %1, 2, 3), helicopter (10). and missile
, increasing interest in "vertical-take-off and landing" (4) specifications are entirely repetitive. Likewise, this
(VTO.) aircraft. As shown in Fig. 1, these aircraft may vary same category of criteria is readily applicable to the vehicles
ni speed capability from hovering, zero forward speed, to discussed herein for which no applicable general specifica-

speeds equal to that of contemporary supersonic aircraft, and tions exist today. This, incidentally, is equally true in the
perhaps eventually, to that of hypersonic aircraft. At pres- cases of both c~vil as well as military flight vehicles. It

',I. VTO[ is accomplished by development of more than 1 therefore is considered both logical and practical to reflect
G of lift force primarily by use of deflected jet exhaust, de- these facts in some future rearrangement of structural eriter-
flected propeller flow, and by rotating or fixed ducted fans. ia specifications, such as that shown in Fig. 5. Here it is
For these aircraft, there are several new categories of flight ,ciggested that the sizable amount of common criteria pre-
conditions resulting in some cases from in-flight rotations of sumptions be contained in a single specification, or a single
major components of the aircraft, and in all cases from the part of one al-embracing spec. The subsequent parts would
need to consider "transition flight" situations. The purely then only contain stuch available specific criteria which can
vertical-descent landing characteristic provides the need to be defined for a specific flight-vehicle type. It is easily
create landing design criteria which embod% some of the conceivable that there might be seven or eight subsequent
features of both helicopter and conventional aircraft criteria, parts, covering that many different vehicle types.

A somewhat unexpected breed of vehicles has been oc- As the flight-vehicle science has rapidly progressed, the
cupying the attentions of more and more criteria engineers: structural designer has constantly been forced to "start from
namely, the "ground effect machine" (GEM). Some people scratch. " The author on several occasions has found himself
argue that these are land or water vehicles rather than flight starting off the structural section of a flight-vehicle model
vehicles. But this question is immaterial to the structural specification by writing: "The structural design require-
designer, because it is unqestionably true that light weight ments of MIL- -_.__ are not applicable. " Especially for
is important for these machines, and hence the use of the the designer, who is usually anxious to evolve the lines and
"limit-condition" design philosophy is obviously logical, details on his drawings from best avaiiable, time-proven,
In studying the operating situations encountered, however, knowledge. such a beginning is not very reassuring. It would
similarity with aircraft is almost nonexistent. For these ye- be far better to start with: "The Part I basic structural design
hicles, most of the structural design conditions during oper- criteria for MIl.- ___ is applicable. The specific design
ation stem from contact with the ground or water. These load conditions specified in Part V, sections , , and
loads vary from I G "resting" loads, with the vehicle sup- are applicable. Supplementary design conditions nec-
ported at a single point amidship or at two points at the bow essitated by the specific operating characteristics of this ve-
and at the stern, to high G dynamic loads resulting from hicle shall be as specified below. "
dropping from cruising height above the surface or from As described herein, the field of structural criteria is ex-
striking waves or obstructions while in forward or sidewise panding rapidly. Much of its essential philosophy and char-
motion. Much remains to be experienced, and learned, be- acteristics do, however, convnue to remain unchanged. The
fore generally accepted structural design criteria are crystal- structural designer who learns to appreciate and utilize this
lized. fact, advances himself a long way forvard to achieving the

A summary of the kinds of new load criteria needed for solutions of structural criteria problems for new and untested
the various vehicles discussed in the foregoing is provided flight -- vehicle configurations.
in Table 1. Finally, this approach to formulation of structural criter-
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